Introduction
Dye sensitized solar cells (DSSC) have a major potential for low-cost and roll-to-roll manufacturing 1 . Efforts have been made to replace the traditional high cost materials of DSSC such as rigid conducting glass with low cost polymer substrates 2-5 . However, the use of polymers is restricted by the temperatures encountered in the preparation of the cells.
Additionally a standard DSSC utilizes platinum (Pt) as a catalyst layer 6-8 to increase the rate of the tri-iodide ion reduction reaction, but it is also another expensive component of the cell 1, 9 .
Together with cheap substrates, alternative low priced catalysts could pave the way for reducing the cost of a complete DSSC. Carbon as an alternative catalyst in various structures offers interesting approach to address the problem 10- 14 .
Previous studies have demonstrated the viability of carbon for use as a counter electrode (CE) in DSSC 1, 12-14 . Also the carbon nanomaterials exhibited remarkable catalytic performance with alternative redox couples such as Co(L) 2 2+/3+ on Fluorine doped tin oxide (FTO) glass due to their better catalytic performance than the traditional I -/I 3 redox couple 15 and can be realized in implementing with the flexible substrates as well. High temperature fabrication processes can be used to fabricate the carbon composites for different cell designs, for instance, rigid monolithic cell type assemblies 13, 14 , or flexible metallic sheets in which the cell is sintered after deposition of carbon to increase the adhesion with the substrate 14, 16 .
The fabrication of DSSC on plastic sheets, for instance indium-doped tin oxide polyethyleneterephtalate (ITO-PET) and indium-doped tin oxide polyethylenenaphtalate (ITO-PEN, is restricted by the deformation limit of these plastics which is ca. 150 °C 9 . It is therefore highly justified to develop low-temperature inks or pastes to avoid a post-sintering step typical in the standard fabrication process of DSSC on FTO-glass. Presently, low-temperature deposition of carbon composites suitable for plastic-based CEs has still shortcomings in adhesion and bending properties, e.g. when applied on flexible polymer substrates 1, 17 .
We present here a comparative analysis of low temperature carbon composite catalyst layers for DSSC deposited on FTO coated glass, ITO-PEN and ITO-PET sheets together with a glass-based photoelectrode (PE). Parameters determined include mechanical stability, photovoltaic efficiency and charge transfer performance. We were able to demonstrate a high-performance and highly flexible CE based on a carbon-composite catalyst with a much lower charge transfer resistance (1.5 -3 Ωcm 2 ) than in thermally platinized CEs (~ 5 Ωcm 2 ) which had a positive effect on the overall efficiency of DSSC.
Experimental methods

Fabrication of photoelectrode (PE)
The photoelectrodes (PEs) for this study were prepared as follows:
Fluorine doped tin oxide (FTO) coated glass substrates (Sheet resistance 15 Ω/□, Hartford Glass Company, Inc) were first cleaned with the detergent, sonicated in the ethanol and acetone solutions (3 min each) and then dried with compressed air. The substrates were then placed in a UV-O 3 Chamber (Bio-force nano sciences UV Ozone Pro Cleaner) for 20 minutes and were quickly transferred into a 40 mM TiCl 4 solution container and heated for 30 minutes at 70 °C.
The substrates were then rinsed with deionized water and ethanol respectively and were dried at room temperature. After that they were placed in an oven and sintered at 450 °C and then cooled down to room temperature. An 8-10 µm thick layer of commercial nano-crystalline TiO 2 paste (18NR-T Dyesol) was printed by screen printing with mesh T-61 and dried at 110°C. After that 2-4 µm thick layer of TiO 2 scattering paste (WER2-0 Dyesol) was deposited by screen printing (mesh T-61) and again dried at 110 °C for 5 minutes. The deposited layers were then sintered at 450 °C for 30 minutes and were cooled down to room temperature. The substrates were immersed once again in the 40 mM TiCl 4 solution at 70 °C for additional 30 minutes.
Consequently the second time TiCl 4 treated substrates were again sintered at 450 °C and were cooled down to room temperature to complete the process. The photoelectrodes (PEs) were then sensitized in a 0.32 mM cis bis (isothiocyanato) bis (2, 20-bipyridyl-4, 40-dicarboxylato)ruthenium (II) bis tetrabutylammonium (N-719, Solaronix) in ethanol (99.5 wt %) for 16 hours.
Counter electrodes (CE)
The counter electrodes (CEs) were prepared as follows: 
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Details of carbon composite based pastes 1.2 g of graphite powder (particle size 1-5 µm (Sky Spring Nanomaterials Inc) was first mixed with 0.4 g of carbon furnace black particles (20 nm Printex L6) and 0.4 g of Sb:SnO 2 (Zelec ECP 3010-XC, Milliken Chemicals). The graphite powder and Sb:SnO 2 are used to promote the electrical conductivity of the film and to function as conducting binding particle respectively whereas the furnace black nano-powder was introduced to act as the primary catalyst particle due to its high specific surface area. The composite is then dispersed in 8-10 ml of water and tbutanol solution (1:1), grinded in a ball mill for 2 hours and collected in a clean vial as a binder free carbon composite (BFCC). For PEDOT carbon composite (PCC) the same composition (as mentioned above) was grinded in the ball mill for 2 hours and collected in another vial. After that 2 ml of PEDOT PSS solution (Sigma Aldrich) was added into the composite and stirred for 15 minutes. The PEDOT was added mainly to act as an additional catalyst, but also to possible improve the film conductivity and adhesion. The binder enriched carbon composite (BCC) was obtained by adding 0.4 g of TiO 2 as an additional binder in the above mentioned composite composition before milling in water and t-butanol solution.
Cell assemblies
A sandwich type of cell assembly was fabricated by separating the PE and CE with a 50 µm thick Bynel foil (Dupont). The thickness for the carbon composite counter electrodes were adjusted to 20-30 µm. The high stability electrolyte containing I -/I 3 redox couple and methoxypropionitrile solvent (EL-HSE) from Dyesol was injected via drilled holes at PE. The holes were then sealed with a 25 µm thick Bynel foil (Dupont) and thin glass cover. Copper tape and silver ink were then applied onto the non-active area of the cell to make the contacts and were protected with a slow drying epoxy. Before measurements, the cells were soaked for 1 day under 1 sun light intensity (1000 W/m 2 ) for initial stabilization.
CE-CE cell configuration
The CE-CE cell was constructed by depositing each type of carbon composite on FTO-glass (R SH = 15 Ω/□) with symmetrical geometry (area = 0.4 cm 2 ). The thickness of the deposited catalyst layers was adjusted to 20-30 µm with doctor blading. The glass electrodes were separated with 80 µm thick Bynel foil. The electrolyte is then injected via drilled holes in one electrode. The holes were sealed with 25 µm cover foil and a thin glass cover.
SEM imaging
The samples for scanning electron microscopy were prepared on ITO-PET plastic and the images were recorded with Zeiss Ultra 55 FEG-SEM scanning electron microscope equipped with Bruker AXS energy dispersive analyzer (EDS) which was used to detect the particles of composites.
Measurements
The IV curves were measured in a solar simulator under a 1000 W/m 2 light intensity equivalent to 1 Sun. An electrochemical impedance spectrum analyzer (Zahner-Elektrik IM6 potentiostat) was used to measure the electrochemical impedance spectra (EIS) of the samples. Film thicknesses were measured with Dektak 6M stylus profiler. The composite layers have completely covered the large FTO crystals that can be seen in Fig. 1g .
Results and Discussions
Morphology of catalyst layers
All layers look highly porous compared to the thermally platinized catalyst layer in Fig. 1h and contain agglomerates of SnO 2 , furnace (carbon) black and TiO 2 nanoparticles (10-40 nm).
Carbon in the form of graphite and furnace black can be distinguished in the SEM images as darker particles compared to the SnO 2 and TiO 2 particle clusters that appear brighter due to higher atomic weight. This interpretation was confirmed by EDS analysis. However, due to the small size and similar shapes and atomic weights the SnO 2 and TiO 2 particles could not be reliably distinguished in the SEM images and are hence labeled "SnO 2 or TiO 2 " in the figures.
However, their overall presence could be confirmed by EDS (Supporting Information). The graphite crystals that are used to enhance conductivity of the film are much larger in size (2-4 µm) than these nanoparticles and are randomly distributed all across the layer ( Fig.1 a, 
Mechanical stability of carbon composites
The mechanical elasticity and stability of deposited layers will depend on how well the layers adhere to the substrate. In our earlier studies lower short circuit current densities were observed in case of PEDOT catalyst layer presumed to be caused by detachment of PEDOT particles and their settlement on PEs 5 . Moreover a lower fill factor was obtained due to gelator which demonstrated a tradeoff between the adhesion and photovoltaic performance of carbon catalyst layer based DSC 18 . It therefore seems that mechanical stability is not only important from the perspective of durability in handling and manufacturing of the DSSC but may also affect indirectly the photovoltaic parameters e.g. the short circuit current density J SC , the fill factor (FF) or the total cell resistance (R cell ) of the cells. Figure S1 (a-f) (see supporting information) 19 represents the elastic behavior of all the studied carbon composites on ITO-PEN and ITO-PET upon bending. The flaking of the particles in case of low temperature inks is well-known in DSSCs. Keeping this problem in mind every composite was grinded in a ball mill for 2 hours. The ball milling step is known to increase the surface areas of the deposited layers by breaking down the particles.
All three types of carbon composites (BFCC, PCC and BCC) exhibited high degree of flexibility (4 mm bending radius) and reproducibility on ITO-PEN sheets with no visual cracking or flaking of the particles (Figure S1 a-c). The ball milling of the particle was essential to avoid cracking and flaking upon bending.
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On the other hand, surprising result was obtained in case of ITO-PET sheets loaded with BCC where the adhesion was found significantly lower than with ITOPET-PCC and ITOPET-BFCC electrodes (Figure S1 f). The BCC catalyst layer flaked off upon slight bending of the substrates.
Nevertheless the ITOPET-BFCC and ITOPET-PCC showed similar flexibility as on the ITO-PEN sheet (Figure S1 d, e ).
The adhesion of carbon composites deposited on FTO Glass, ITO-PEN and ITO-PET substrate was also studied with a tape test as given in the supporting information ( Figure S2 ) 19 . Without going into quantitative analysis, these results are illustrated with photographs ( Figure S2 ) 19 and also summarized in Table 1 .
The adhesion behavior of the carbon composites has been categorized into three groups (Table   1 ). In most of the cases only small fractions (10-30%) of the catalyst layers were removed upon pulling of the tape Table 1 , (Figure S2 f, h, j, n, p,) 19 which ensures the good overall adhesion of the films. Additionally in the best cases FTO Glass-PCC and ITOPET-BCC combinations), only few particles of the deposited layers were detached Table 1 , (Figure S2 d, r,) 19 whereas in the worst cases (FTO Glass-BFCC and ITO PEN-BCC combinations) the catalyst layers were almost completely (98%) removed from the substrate Table 1 , (Figure S2 b, l,) 19 .
The PCC catalyst layers deposited on FTO-Glass, ITO-PEN and ITO-PET substrates exhibited better adhesion ( Fig. S2 d, Table 2 represents the average photovoltaic parameters of DSC cells illuminated and recorded from the photoelectrode (PE) side, classified according to the type of composite. It should be noted that in this study, no black tape mask (usually recommended to minimize the coupling of diffuse light into the cell) was used due to its firmly sticking over the cells which was causing a detachment of the flexible substrates. As a result, these test solar cells collected more light (from non-normal angles) in our solar simulator, compared to the reference silicon solar cells used for light intensity calibration and consequently the reported short circuit current densities are indeed over estimations of the current densities that would be obtained with actual direct beam sunlight.
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Photovoltaic performance
This overestimation was separately determined to be 2-8% depending on the cell type (results not shown) however, a correction for this overestimation was not performed since the focus of the study was on the counter electrodes (CEs) performance which in principle affect only Fill Factor (FF) but not short circuit current density (J SC ). The effect of < 10% offset in the effective light intensity compared to exact calibration can be considered to have a negligible effect on FF.
Additionally the three times applied TiCl 4 treatment of the TiO 2 films in the present case is also well known to enhance J SC 20 . Hence all the cells exhibited relatively high short circuit densities (J SC ~ 18 mA/cm 2 , Table 2 ) compared to our previous studies 5 .
However the BFCC catalyst layer CEs on ITO-PEN exhibited significantly lower current densities (15 mA/cm 2 ). A possible reason can be the detachment of catalyst particles from the CE and their settling on the PE. Loosely bonded particles may be mixed with the electrolyte and transfer to the PE and reduce its performance by increasing electron transfer to the electrolyte (recombination). We have previously reported this in the case of PEDOT-TsO CEs observed as a decrease in the electron collection efficiency deduced from the comparison of IPCE ratios 5 .
However, in the present case such analysis is not possible since the carbon composite film is opaque and PE cannot be illuminated through the CE side, as needed in the IPCE-ratio method.
Nevertheless the tape adhesion test section supports the possibility of detachment of loosely bonded particles.
Also, a lower cell resistance (average R cell = 12.5 Ωcm 2 ) was observed in completely rigid cells (grey and light blue rows in Table 1) The EIS frequency range was from 100 mHz to 100 kHz. In this frequency range the reference DSSC based on a thermally platinized glass counter electrode exhibits three impedance arcs, two in the lower frequency range, i.e. around 1 Hz and 20-30 Hz (Fig. 2 b) which correspond to the diffusion resistance (R D = 1 Ωcm 2 ) and the electron recombination resistance (R REC = 3.6 Ωcm 2 ) respectively, and one in the higher frequency (> 1 kHz) which corresponds to the charge transfer resistance (R CT = 4.9 Ωcm 2 ) at the counter electrode. Small semicircles adjacent to the large ones are evident in all carbon based cells ( Fig.2 a: Glass-PCC = 1.3 Ωcm 2 , ITOPET-PCC = 2.0 Ωcm 2 , ITOPEN-PCC = 1.5 Ωcm 2 ) which corresponds to very high frequency (~ 10 kHz) peak and could be associated with a second Nernst diffusion impedance resulted from diffusion through the pores of carbon composite as reported by others 21 . The values of these extra semicircles were added to the charge transfer resistance to get the total charge transfer resistance (R CE-total ) 5, 18 . Table 3 summarizes the resistance values calculated with the aforementioned assumptions. Only the PEDOT carbon composite (PCC) is discussed here to understand the restrictions for calculating the accurate R CT values. The impedance spectra of all three types of carbon composites will be discussed in more detail in Chapter 3.5. Table 3 ). The ITO-PEN-PCC CE gave almost the same (1.8 Ωcm 2 ) but the ITO-PET-PCC CE had almost a double value (2.7 Ωcm 2 ). We presume that the higher surface area along with a reasonably conductive carbon composite catalyst layers combined with the catalytic activity of PEDOT:PSS caused such a high catalytic performance.
Electrochemical Impedance Spectra of DSSC
CE-CE cell configuration
To gain more accurate information of the charge transfer resistance, we also employed a CE-CE cell 22-24 . The CE-CE configuration eliminates all possible responses from the PE side 24 . Figure   3 represents typical EIS responses of three different carbon composites based CE-CE cells.
These measurements were carried out at room temperature with 10 mV voltage amplitude and zero volts DC.
The two frequency peaks are clearly evident for all porous carbon CEs; one in the lower (~ 10-100 Hz) and the other in the higher frequency range (~ 100 kHz). These are associated with the charge transfer resistance and the in-pore diffusion resistance respectively ( Fig.3 b) . This reinforces also our earlier observation about the overlapping PE and CE semicircles in the DSSC meaning that the peak must be associated with the porous carbon CE as here we have no PE. The thermally platinized glass CE-CE cell exhibited two frequency peaks at similar positions than in the complete DSSC cell corresponding to recombination resistance (R REC ) and diffusion resistance (R D ). It should be noted that only CE-CE-PCC cell configuration exhibited the R D peak due to a thinner layer of bulk electrolyte in case of CCCEs and secondly the diffusion impedance is smaller because of the porous structure evens out surface concentrations difference.
As a result, the impedance peak in Figure Table 4 . 
Active surface area and catalytic activity
In our previous publication 17 we devised a method for quantitative relative comparison of the catalytic activity of different catalyst particles materials. According to the method, the product of the measured charge transfer resistance (R CT ) and electrochemical double layer capacitance (C CE ) 
Conclusion
Different types of carbon composites based counter electrodes (CE) have been analyzed in this study. CEs with very good catalytic activity were demonstrated. In a complete cell configuration, PEDOT carbon composites had lower charge transfer resistances (~ 1.5 -3 Ωcm 2 ) than the reference cell with traditional thermally platinized counter electrodes (5 Ωcm 2 ). Among plastic cells, the highest efficiency (~ 6 %) was recorded with binder enriched carbon composite catalyst layers which was only slightly lower than that of the reference DSSC (7%). The same catalyst layer out-performed the reference Pt and other carbon composites catalyst layers in a CE-CE configuration and exhibited low charge transfer resistance (3 Ωcm 2 ). The mechanical stability of the plastic carbon composite CEs were good. The study suggests a great potential of employing these composites as a replacement of the traditional expensive Pt catalyst layer in a flexible or roll to roll produced DSSC.
